The Gram-negative bacterium, Vibrio parahaemolyticus, is a major cause of seafood-derived food poisoning throughout the world. The pathogenicity of V. parahaemolyticus is attributed to several virulence factors, including two type III secretion systems (T3SS), T3SS1 and T3SS2. Herein, we compare the virulence of V. parahaemolyticus POR strains, which harbor a mutation in the T3SS needle apparatus of either system, to V. parahaemolyticus CAB strains, which harbor mutations in positive transcriptional regulators of either system. These strains are derived from the clinical RIMD 2210633 strain. We demonstrate that each mutation affects the virulence of the bacterium in a different manner. POR and CAB strains exhibited similar levels of swarming motility and T3SS effector production and secretion, but the CAB3 and CAB4 strains, which harbor a mutation in the T3SS2 master regulator gene, formed reduced biofilm growth under T3SS2 inducing conditions. Additionally, while the cytotoxicity of the POR and CAB strains was similar, the CAB2 (T3SS1 regulatory mutant) strain was strikingly more invasive than the comparable POR2 (T3SS1 structural mutant) strain. In summary, creating structural or regulatory mutations in either T3SS1 or T3SS2 causes differential downstream effects on other virulence systems. Understanding the biological differences of strains created from a clinical isolate is critical for interpreting and understanding the pathogenic nature of V. parahaemolyticus.
Introduction
Virulent strains of the Gram-negative halophilic bacterium, Vibrio parahaemolyticus, are emerging in coastal regions throughout the world (Nair et al., 2007) . Vibrio parahaemolyticus thrives in warm brackish waters and is one of the leading causes of seafood-derived food poisoning due to the consumption of raw or undercooked shellfish. Infection of this pathogen can lead to acute gastroenteritis and even septicemia (Broberg et al., 2011) . Additionally, strains of V. parahaemolyticus have recently been associated with a lethal infection of shrimp, resulting in the devastation of shrimp farms (Tran et al., 2013) . The global dissemination of V. parahaemolyticus underscores the need for a better understanding of the bacterium's virulence traits.
Principle to the pathogenicity of V. parahaemolyticus is thermostable direct hemolysins (TdhA/S) and two type III secretion systems (T3SS1 and T3SS2) (Broberg et al., 2011) . The T3SSs form a needle-like apparatus to translocate effector proteins directly into the host cytoplasm to manipulate host cells (Fig. 1a) . T3SS1 contains several effectors that systematically kill host cells by causing autophagy, membrane blebbing, cell-rounding, and finally lysis (Burdette et al., 2008; Broberg et al., 2010) . T3SS2 is necessary for the enterotoxicity seen in piglet and infant rabbit models (Pineyro et al., 2010; Ritchie et al., 2012) . Effectors from T3SS2 promote bacterial cell invasion, inactivation of the host immune pathway, and disruption of the gut epithelial barrier (Ritchie et al., 2012; Zhang et al., 2012; Zhou et al., 2013) .
The two T3SSs of V. parahaemolyticus are regulated by separate transcriptional networks. Low calcium levels induce T3SS1 gene expression, which is regulated by the ExsACDE cascade (Fig. 1b) (Kodama et al., 2010a) . ExsA is an AraC family transcription factor that binds to the promoter region of T3SS1 genes to promote their expression (Zhou et al., 2008 ). Dulbecco's modified Eagle's medium (DMEM) with low calcium is often used to prime bacteria for T3SS1-mediated infection (Burdette et al., 2008) . T3SS2 genes are induced by bile salts through activation of the transcription factors VtrA and VtrB (Fig. 1c) (Gotoh et al., 2010) . Both of these transcription factors are positive regulators that work in a sequential fashion to promote expression of T3SS2 genes (Kodama et al., 2010b) .
Two sets of strains, PORs and CABs, were created with mutations in either a T3SS needle apparatus component or a transcriptional regulator, respectively (Table 1) . These strains were derived from the POR1 strain, which was originally derived from the virulent O3:K6 serotype termed RIMD 2210633 by deleting the tdhA/S toxins (Park et al., 2004a) . Therefore, the POR and CAB strains carry mutations in two toxin genes, tdhA and tdhS, to eliminate the toxic effects of these hemolysins on host cells . POR2 (POR1DvcrD1) and POR3 (POR1DvcrD2) contain a deletion in a gene that encodes the inner membrane ring of the needle apparatus belonging to either T3SS1 or T3SS2, respectively (Fig. 1a) . POR4 contains mutations in both T3SS1 and T3SS2 needles and therefore lacks the ability to secrete all T3SS effector proteins (Broberg et al., 2011) . In contrast, the CAB strains contain mutations that disrupt gene expression. CAB2 (POR1DexsA) and CAB3 (POR1DvtrA) contain a deletion of a master regulator responsible for controlling expression of either T3SS1 or T3SS2 genes, respectively ( Fig. 1b and c) . CAB4 contains both deletions and is entirely deficient in T3SS1 and T3SS2 gene expression (Zhang et al., 2012) .
Mutations in the transcriptional networks of each T3SS can have unexpected consequences that must be evaluated for proper interpretation of experimental results. For example, ExsA and VtrA have been shown by microarray and RNAseq analysis to affect gene expression outside the pathogenicity island of T3SS1 and T3SS2 (Gotoh et al., 2010; Kodama et al., 2010a, b; Nydam et al., 2014) . This study compares the different virulencerelated aspects of strains with a mutation in a T3SS transcriptional regulator gene as opposed to a mutation in a T3SS structural gene. We examined effector production and secretion, swarming, biofilm formation, cytotoxicity, and invasion of host cells. From this study, we found that biofilm growth is inversely regulated with T3SS2 activation in a VtrA-dependent manner and that CAB2, a T3SS1 
regulatory mutant, invades HeLa cells with an efficacy over 10-fold higher than that of POR2, a T3SS1 structural mutant. These traits highlight the impact of a structural vs. regulatory manipulation of T3SSs on the overall virulence ability of V. parahaemolyticus and suggest the T3SS transcriptional regulators impact other virulence-related systems.
Materials and methods

Strains and media
The POR2 (POR1DvcrD1), POR3 (POR1DvcrD2), POR4 (POR1DvcrD1/vcrD2) (Park et al., 2004b) , CAB2 (POR1-DexsA), CAB3 (POR1DvtrA), CAB4 (POR1DexsA/vtrA) (Zhang et al., 2012) , POR1DlafK, and POR1Dhns (Salomon et al., 2014) strains were derived from POR1 (DtdhA/tdhS) (Park et al., 2004a) , which was derived from the parental RIMD 2210633 strain (Makino et al., 2003) . Vibrio parahaemolyticus strains were routinely grown in marine LB (MLB) media (Luria-Bertani broth containing 3% NaCl) at 30°C. To induce T3SS1 or T3SS2 genes expression, bacteria were grown overnight and diluted to OD 600 = 0.3 in DMEM or MLB with 0.05% bile salts, respectively (Broberg et al., 2010; Gotoh et al., 2010 ). Bacteria were then transferred to 37°C for 1 h for infection assays and 3 h for swarming experiments and effector secretion assays. HeLa cells (ATCC) were cultured in DMEM (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (Sigma) at 37°C in 5% CO2.
Growth curve
POR and CAB strains were diluted to OD 600 = 0.1 in 30 mL of MLB at 30°C. OD 600 was measured every 30 min for each strain.
Secretion assay
After T3SS1 and T3SS2 induction, bacterial cells and supernatant were harvested as previously described (Salomon et al., 2013) . Samples were examined by Western blot analysis using antibodies: rabbit anti-VopQ (Burdette et al., 2009) , rabbit anti-VopS (Yarbrough et al., 2009) , rabbit anti-VopA, and rabbit anti-VopL (Liverman et al., 2007) . Effector antibodies were generated by Strategic Biosolutions (Newark, DE) using recombinant proteins.
The experiment was performed twice with similar results and a representative experiment is shown.
Swarming motility assay
For swarming motility assays, bacteria were grown overnight and normalized to OD 600 = 1. After T3SS1/T3SS2 induction or no induction, 2 lL of culture was spotted onto heart infusion (HI) plates containing 2% NaCl and 1.5% agar. Swarming plates were incubated at 30°C for 24 h and then swarming diameter was measured.
Biofilm growth
Vibrio parahaemolyticus cultures were grown overnight and diluted to OD 600 = 0.1 in MLB media, DMEM, or MLB media with 0.05% bile salts. Bacteria were grown aerobically in 96-well microtiter plate at 37°C for 24 h. Bacteria cultures were then removed, washed, and stained with 0.1% crystal violet for 15 min as described (O'Toole, 2011) . Wells were washed and dried overnight. The remaining crystal violet was resuspended in 30% acetic acid, and the absorbance was measured at 595 nm. Each experiment was performed three times with similar results and representative experiments are shown.
LDH release assay
After T3SS1 and T3SS2 induction, V. parahaemolyticus strains were added at a multiplicity of infection (MOI) of 10 to HeLa cells in DMEM containing no serum or phenol red. Plates were centrifuged at 1000 g for 5 min to synchronize infection, and then incubated at 37°C. Next, samples were collected and LDH activity in the medium was measured using a Cytotoxicity Detection kit (Takara).
Percentage cytotoxicity is compared to total lysed cells in 1% Triton X-100. Each experiment was performed three times with similar results and representative experiments are shown.
Confocal microscopy
After infection, HeLa cells were fixed in 3.2% paraformaldehyde and then permeabilized with 0.5% Triton X-100. The nuclei were stained with Hoescht (Sigma), and the actin was stained with Rhodamine-phalloidin (Molecular probes). Images were taken with a Zeiss LSM 510 scanning confocal microscope.
Invasion assay
Invasion of V. parahaemolyticus strains was performed as described (Zhang et al., 2012) . In brief, pre-induced V. parahaemolyticus strains were added at a MOI of 10 to HeLa cells, and the plates were centrifuged at 1000 g for 5 min. After a 2-h incubation at 37°C, 100 lg mL
À1
gentamicin was added to kill extracellular bacteria. At 3 h, after the addition of gentamicin, bacterial numbers were determined by serially diluting samples on minimal marine media (77 mM K2HPO4, 35 mM KH2PO4, 20 mM NH4Cl, 5 mM K2SO4, 2% NaCl, 0.4% galactose, and 1.5% agar) plates. Experiment was performed twice with similar results and representative experiment is shown.
Results
POR and CAB strains exhibit similar growth rates
To assess the differences in virulent traits of mutant strains lacking a T3SS needle apparatus component or transcriptional regulator, we compared the virulence phenotypes of the POR and CAB strains. Importantly, the T3SS mutations did not affect the bacteria's growth rate (Supporting Information, Fig. S1 ) and, therefore, the differences seen are independent of this factor.
While POR and CAB strains differ in effector production, they appear to secrete similar levels of effector protein
Next, we examined if POR and CAB strains produce and secrete similar levels of effector proteins. To test this, we induced each T3SS for 3 h and detected effector levels in bacterial lysates and culture supernatants. When T3SS1 was induced and functional (POR1, POR3, and CAB3), the T3SS1 effectors VopQ and VopS were produced and secreted at similar levels between POR and CAB strains (Fig. 2a) . Interestingly, there was a difference in effector production within POR strains, which supports the hypothesis that T3SS1 needle construction is necessary for optimal effector production. Additionally, when T3SS2 was induced and functional (POR1, POR2, and CAB2), the T3SS2 effectors VopA and VopL were produced and secreted at similar levels in all strains (Fig. 2b) . Overall, structural or regulatory mutations of each T3SS affect the secretion of its cognate effectors but do not affect secretion of effectors by the other T3SS.
Swarming is similar for POR and CAB strains
Lateral flagella are produced by V. parahaemolyticus to transport the bacterium through viscous environments and along surfaces. Swarming is important during infection and is co-regulated with T3SS1 genes by surface contact, quorum sensing, and levels of calcium and iron (Gode-Potratz et al., 2010 , 2011 . We tested the swarming abilities of POR and CAB strains on HI swarm agar for 24 h and found no differences in migration (Fig. S2a) . As a negative control, we mutated the gene lafK, which encodes an essential regulator of swarming gene expression (Stewart & McCarter, 2003) . We then induced T3SS1 and T3SS2 prior to spotting the bacteria on the swarm plates. Again, there was no difference in bacterial migration upon T3SS1 (Fig.  S2b ) or T3SS2 induction (Fig. S2c) , supporting the proposal that the mutations within the POR and CAB strains have no effect on the regulation of swarming.
VtrA represses biofilm growth under bile salt induction
Biofilm production is important for bacteria survival in different environments and shares an inverse relationship with swarming and T3SS1 gene induction in V. parahaemolyticus (Boles & McCarter, 2002; Kim & McCarter, 2007; . To assess biofilm production, we grew the POR and CAB strains statically in microtiter plates for 24 h and stained the resulting biomass with crystal violet. A mutant lacking the hns gene served as a negative control, as it does not exhibit biofilm growth . Growing the bacteria in non-inducing or T3SS1-inducing conditions caused no variation in biofilm production between POR and CAB strains ( Fig. 3a and b) . However, when grown in T3SS2-inducing conditions, CAB3 and CAB4 produced almost twofold higher amounts of biofilm growth when compared to the POR strains or CAB2 strain, which also produced less biofilm growth than non-induced strains (Fig. 3c) . These experiments show that biofilm production is optimal in the absence of VtrA activation.
Cytotoxicity is similar between POR3 and CAB3 strains under T3SS1-inducing conditions
We next assessed whether the POR3 and CAB3 strains exhibit different levels of T3SS1-dependent cytotoxicity toward HeLa cells. After pre-inducing T3SS1, we infected HeLa cells and measured LDH release every 30 min. Both POR3 and CAB3 caused host cell lysis within 2.5 h at a rate similar to the POR1 parental strain. As expected, POR4 and CAB4 were not cytotoxic (Fig. 4a) .
In addition to cell lysis, we examined the ability of POR3 and CAB3 to cause T3SS1-dependent cell rounding, which is a well-documented phenotype resulting from actin cytoskeleton disruption (Burdette et al., 2008; Yarbrough et al., 2009) . In accordance with the LDH release assay, POR3 and CAB3 caused rounding at a rate similar to that of the POR1 parental strain. The negative control strains, POR4 and CAB4, did not cause any noticeable alteration in the actin cytoskeleton (Fig. S3) . Fig. 3 . Bile salts reduce biofilm formation through vtrA. Levels of biofilm growth from strains grown statically in (a) non-inducing (MLB) media, (b) T3SS1 inducing (DMEM) media, and (c) T3SS2-inducing (MLB + 0.05% bile salts) media. Resulting biomass was stained with 0.1% crystal violet and measured at absorbance 595 nm. Asterisks indicate statistical significant differences using two-tailed t-test (**P < 0.005, ***P < 0.0005), and error bars show standard deviation (n = 8). These results show that POR3 and CAB3 strains exhibit comparable levels of cytotoxicity upon induction of T3SS1.
Cytotoxicity is similar between POR2 and CAB2 strains upon T3SS2 induction
We next examined the cytotoxicity rates of POR2 and CAB2 after T3SS2 induction. POR1 was omitted from these experiments as this strain contains an active T3SS1 which induces faster lysis than T3SS2. After pre-inducing T3SS2, we infected HeLa cells and measured LDH release every hour. We found that POR2 and CAB2 caused c. 100% cytotoxicity at a similar rate within 4 h. POR4 and CAB4 started causing detectable lysis at 5 h (Fig. 4b) , but this was likely due to overgrowth of the bacteria (data not shown).
POR and CAB strains differ in T3SS2-mediated invasion efficiency
Recently, it was shown that V. parahaemolyticus invades host cells in a T3SS2-dependent manner (Zhang et al., 2012) . Therefore, we tested the ability of POR2 and CAB2 strains to invade HeLa cells during an infection. HeLa cells were incubated with bacteria for 2 h and then inoculated with gentamicin. This antibiotic is nonpermeable to membranes and will only kill extracellular bacteria (Zhang et al., 2012) . At 3 h after gentamicin addition, CAB2 exhibited over 10-fold higher levels of invasion compared to the POR2 strain, and this difference was maintained throughout the course of the infection. The negative control strains, POR4 and CAB4, exhibited very low levels of invasion (Fig. 5) . We also tested bacterial invasion using 293 T cells and found a similar trend in which the CAB2 strain exhibited a twofold higher level of invasion than the POR2 strain (data not shown). This experiment shows that CAB2 invades host cells more efficiently than POR2 by an unknown mechanism.
Discussion
In this study, we investigated the virulence differences between structural or regulatory mutants of the V. parahaemolyticus T3SSs. Previous studies of V. parahaemolyticus reported that swarming and T3SS1 gene expression are co-regulated, and biofilm production and T3SS1 genes expression are inversely regulated Ferreira et al., 2012 ). Yet despite this connection, we found no variation in swarming between the POR and CAB strains under a variety of induction conditions, and no difference in biofilm growth during noninduction or T3SS1 induction. Interestingly, we found that T3SS2 regulatory mutants could produce larger biofilms than other mutants during T3SS2 induction. Furthermore, POR1-4 and CAB2 strains (Fig. 3c ) produced less biofilm mass than when these strains were not induced (Fig. 3a) . This suggests that biofilm formation is repressed in a VtrA-dependent manner upon induction with bile salts.
One interesting observation from this study was that POR1 and POR3, in which T3SS1 is functional, exhibited higher levels of effector production than POR2 and POR4, in which T3SS1 is nonfunctional, during T3SS1 induction. This result would support the hypothesis that a factor dependent on a functional needle apparatus alters the expression levels of T3SS1 genes. ExsE, a negative regulator of this system, is likely the factor responsible as it is secreted from the bacterium during induction of T3SS1 (Fig. 1b) (Kodama et al., 2010a, b) . Therefore, the repressive role of ExsE is likely maintained in POR2 and POR4 strains as it is accumulating inside the cell, and this could explain the low levels of T3SS1 effector production.
While the POR and CAB strains exhibited similar rates of cytotoxicity, a striking result was observed when both strains were tested for invasion efficiency. CAB2-invaded HeLa cells with an efficacy over 10-fold higher than that of POR2 in HeLa cells. The T3SS2 effector, VopC, mediates invasion by constitutively activating Rac and CDC42 through deamidation (Zhang et al., 2012; Okada et al., 2013) . However, POR2 and CAB2 appear to produce and secrete similar levels of effector proteins, which suggest the T3SS transcriptional regulators may alter the expression of non-T3SS genes that affect invasion efficiency. We are currently exploring this hypothesis. ). Error bars show standard deviation (n = 3).
In this study, we demonstrated that certain virulence traits differ between T3SS needle mutants and regulatory mutants. The ability of the bacteria to share similar virulence traits while differing in other aspects illustrates the importance of performing multiple assays to illuminate strain variation. This point is demonstrated best by T3SS2-mediated phenotypes. While POR2 and CAB2 did not differ in cytotoxic ability, they differed greatly in invasion efficiency. Therefore, subtle differences do exist between strains harboring structural or regulatory mutations, and these differences are only found by examining all aspects of infection. Future studies on the expression profiles of these various strains should elucidate specific genes involved in the infection process.
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